We describe what are to our knowledge the first in vivo measurements of human retinal structure with optical coherence tomography. These images represent the highest depth resolution in vivo retinal images to date. The tomographic system, image-processing techniques, and examples of high-resolution tomographs and their clinical relevance are discussed.
A number of promising new techniques have been developed for micrometer-resolution imaging of biological microstructure based on optical coherence domain reflectometry (OCDR). OCDR was originally demonstrated for applications in fiberoptic and integrated-optic structuresl- 3 and has recently been applied to measurements in biological systems, including the eye 4 -7 and artery. 8 ' 9 We have recently described a new technique for two-or threedimensional coherent imaging of biological structure called optical coherence tomography' 0 (OCT). OCT is a noninvasive, noncontact tomographic imaging technique with superior spatial resolution to ultrasound (<20 /um) and high sensitivity (>100-dB dynamic range). OCT is particularly attractive in ophthalmic application, where it may potentially provide for quantitative diagnosis of a variety of ocular diseases. We have previously obtained OCT images in the anterior segment, crystalline lens, and retina of human eyes in vitro' 0 "' and in vivo." In this Letter we report the development and demonstration of what is to our knowledge the first high-speed micrometer-resolution OCT system for automated in vivo transpupillary measurements of the human retina. Figure 1 shows the schematic of our system. The principle behind OCDR is well known and is not reviewed here.'- 9 The superluminescent diode source operated at -843 nm, and the signal power delivered onto the patient eye was -175 ,uW. This is in compliance with a conservative interpretation of the American National Standards Institute safe ocular exposure standard (ANSI Z136).' 2 The FWIHM spectral bandwidth of the source was -30 nm, and the longitudinal FWHM resolution was measured at -14 ,Am-near-transform-limited resolution. 7 The 0146-9592/93/211864-03$6.00/0 system longitudinal scanning speed was 160 mm/s, four times higher than previously reported results. This increase in speed greatly facilitates measurements on human subjects. Approximately 94 dB of dynamic range is obtained at a scan speed of 156 mm/s, near the quantum limit. 9 In order to perform precise two-dimensional imaging of the retina, we have incorporated beamsteering devices and imaging optics onto a standard ophthalmic slit-lamp biomicroscope. Figure 2 where e is an efficiency factor related to the duty cycle of the longitudinal scanning mechanism (e -1.125). Subsequent tomographs were obtained with a scan depth of 3 mm, a scan velocity of 156 min/s, and 100 transverse pixels, yielding an acquisition time of -2.4 s. Subsecond acquisition times may be achieved by reduction of the number of transverse pixels and/or a further increase in the scan speed.
One important potential application of OCT is in noninvasive cross-sectional imaging of the retina. Optical imaging of the retina is challenging because the retina has structure on the micrometer scale, has weak backscattering, and is located at the back of the eye. Since the depth resolution of OCT is governed by the coherence properties of the light source, highsensitivity micrometer-resolution imaging is possible at an arbitrary working distance. This is in contrast to scanning confocal retinal imaging systems such as scanning laser ophthalmology and scanning laser tomography, in which the pupil aperture and ocular aberrations limit the axial resolution to several hundred micrometers.' 3 " 4 Plate I shows a cross-sectional OCT image obtained in the macular region of a human volunteer. The fovea (the region of highest visual acuity) is visible as a characteristic thinning of the retina because of the lateral displacement of the photoreceptor cell synapses and the inner retinal neurons in the area of central vision. Laterally to the fovea, layers of high and low scattering reveal the stratified cellular structure of the retina. The retinal nerve fiber layer (RNFL), consisting of horizontal nerve fibers, is observed as a region of enhanced scattering near the vitreo-retinal interface. Also visible are stratifications indicative of the inner and outer plexiform layers and a dark layer that is indicative of low scattering within the photoreceptor layer. The highest scattering is visible from the choriocapillaris, which consists of a dense interconnected network of small blood vessels. To our knowledge, these retinal OCT images are the highest-resolution tomographic images of the living retina that have ever been obtained.
The retinal image in Plate I has been processed to remove artifacts that are due to patient motion. The raw data from Plate I are shown in Plate II. Motion artifacts show up as pixel-to-pixel jaggedness in the vitreo-retinal boundary as well as in largerscale variations in the retinal surface position. An estimate of this motion is obtained with a crosscorrelation technique in which the longitudinal index is chosen as the location of the peak correlation of adjacent scans. Figure 3 shows the estimated motion that occurred while the image of Plate I was acquired. As illustrated in Plate II, the peak index can be filtered to retain only selected spatial frequencies. In using this image-processing technique we find that there is a trade-off between correcting for motion artifacts and processing out real spatial variations within the structure itself. In the foveal region, where the macula is flat, we have selected a spatial cutoff frequency of 0 cycles/image. Plate III is a processed cross-sectional in vivo image through the optic nerve head taken perpendicular to the papillomacular axis. Enhanced scattering is again visible from the RNFL, which expands to occupy nearly the entire retinal thickness as a result of bundling of the nerve fibers as they enter the optic disk. The surface contour and cupping of the optic disk is well visualized. The termination of the choroid at the lamina cribrosa provides a clear landmark by which to make measurements of retinal and RNFL thicknesses at the nerve head margin and at reproducible distances from it. Plate III was processed with a spatial frequency cutoff of 10 cycles/image.
The capability of OCT for direct micrometerresolution imaging of the retina shows significant promise for the diagnosis and quantitative monitoring of a variety of retinal diseases, including macular degeneration, macular hole, and macular edema. Accurate measurements of retinal and RNFL thicknesses are also relevant to glaucoma, for which conventional diagnosis is complicated by the fact that intraocular pressure measurements do not reliably predict disease progression, and measurable visual field loss and/or cupping of the optic disk may be detectable only after significant (as much as 50%) RNFL loss.1',' 6 The unique facility that OCT provides for objective, direct measurements of RNFL thickness could thus be of significant benefit for early diagnosis and treatment.
In summary, we have demonstrated optical coherence tomography as a new diagnostic technique for performing noncontact, noninvasive, micrometerresolution cross-sectional imaging of retinal structure. Recent improvements to our system permit image acquisition in live patients in less than 3 s, including real-time image updating on a computer monitor. We believe that OCT is thus a promising, clinically feasible technique for a variety of retinal imaging applications.
